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Abstract

The relatively lony lifetime of droplets in atmospheric haze and foy in
comparison with similar droplets of pure water is attributed to the presence of a
monolayer of surfactant film and tn the accumilation of soluhle salts from chemical
reactions, The lifetime of these droplets is a significant factor in the evaluation
of the rnle of heterogeneous aqueous chemical reactions occurring in the
troposphere., Several rechanisms of SO? nxidation in the presence of lignid water
are investiyated, It is shown that sont-catalyzed oxidation of sulfur dioxide could
be responsible for the high level of sulfate concentration observed in the coastal

industrial areas,






Introduction

The importance of chemical reactions involving liquid water droplets is well
established (Beilke et al, 1978; Hegg and Hohbs, 1978; Mlddleton et al, 19Y80).

These wet processes are suggested to be important in the formation of atrmospheric
sulfate and nitrate particulates in clouds and thus contribute to an increase in the
acidity of rain. pH levels as low as 2.7 were found in a recent study of Los
Angeles fog dronlets (LA Times, 9/24/82),

In the past, the assessment of the impact of wet chemical processes has heen
largely based on the chemical reaction rates., However, when relative humidity is
Yess than unity, droplets evaporate and the reaction rate is limited by the
aernsols’ evaporation time. Therefore in this paper, the lifetire of these droplets
is determined and used to assess the importance of aqueous reactions under
atrnspheric conditions.

The lifetime of droplets is prolonged at a given relative humidity by the
presence of hygroscopic salt nuclei and by surfactant material formed into a film on
their surfaces. The presence of insoluble material accentuates this effect by
acting as a condensation surface for trace impurities and by increasing the
concentration of salt, resulfing in a lesser required amount of water for a given
size droplet to form. Cloud and foy samples collected by Kuroiwa (1951, 1955) and
Ogiwara and Okita (1952) were found to contain soluble and insoluble particles which
were Simiia? in nature, form, and size to those produced by haze and combustion,

The prQSQﬁcg of these impurities in samples of atmospheric liquid water has also
been suhsiantiated'(wink1@r; 1973; Covert et al, 1972),

Several rechanisms believad to he responsihle for §02 oxidation are considered

in this paper, as well as their impact on air quality during episodes involving high

concentration of such atmospheric aerosols,



Effects of Impurities on the Rate of

Evaporation of Water Droplets

Assuming the evaporation of the droplet proceeds by the effusion of vapors
through a houndary layer followed by molecular diffusion into the continuum, the

rate of evaporation of a solution droplet can be written as (Fukuta and Yalter,

1970):
dar Pag (=) § - Ssat L L (1)
dt Py Rz‘%“ R+ RT r
Hhere 9
1 L, (=)
R = s R = s and R = maismjﬁﬂm e §
I wvar MoNn T von Ta sat

Rys Ry, and RT are the resistances to free molecular effusion, mass diffusion and

heat conduction, S is applied, or bulk, saturation ratio (relative humidity if

S¢l). Ssat is the supersaturation ratio for the solution droplet and is given as:
]
5 = (1 -5 f, m,) exp(gwgméém) (?)
sat A R -
i r QgR T

Here, 11 is the molarity of the solute and f is the pressure lowering factor, which
depends on the concentration, temperature, and nature of the solute (Internatinnal
Critical Tables, 1926}, The surmation is made over all of the ionic species present
in the solution. Other parameters are defined in Table 1,

Analytical solutions can be found for limiting cases. For nonpolar liquids and
poltar Tiquids with short hydrocarhons, resistance in the interface is negligible
(RI = ), and evaporation is controlled by the rafe of diffusion of water to the gas

phase and conduction of heat to the droplet, With such a droplet that is also large



enoygh for curvature effects to be neglected, equation (1) can he integrated to give

the dimensionless lifetime of the droplet as:

t,eD 1+R 0

d T°

Polar liguids and droplets containing a monolayer of surfactant film vaporize at
significantly lower rates {small value of a), evaporation is kinetically rate-
controlled, and Py >> Ry + Ry (see Table 7)., llnder these conditions, equation (1)

can be solved to yive the lifetine as:

sat

In Figure 1, ratios are depicted of the lifetimes of various size droplets
calculated using the diffusion model to the Vifetimes calculated using equation (1)
for various evaporation coefficients. For large droplets and flat surfaces,
evaporation is diffusion-controlied, Kinetic effects hecome important only if the
droplet is covered by surfactants of lony-chain hydrocarhons with high film
resistances. However, the error in using diffusion results can be substantial for
atmospheric fog droplets (PO ~ 1-5 pum) covered with even a relatively weak
surfactant,

The effects of relative humidity and ﬁempérature upon the lifetime are seen in
Figures 2 and 3. At relative huhidities of B0% and high9h9 a stronger.correlation
hetwaen lifetine and humidity can be noted, In regard to the sffect of temperature,
an exponential increase in lifetime can be nhserved as temperature decreases. This

dependence is primarily due to changes in partial vapor pressure,



Effect of Chemical Reaction

Absorption of gases and chemical reactions within the droplet can eventually
reduce the surface vapor pressure to values smaller than equilibrium vapor
pressure. Hence, condensation occurs at relative humidities below the saturation
limit, causing droplets to grow. The additional layers of water, converging upon
the surface of the droplet, facilitate heterogeneous chemical reactions. This
results in further droplet growth to sizes which attenuate light and reduce
visibility. At the coast line, the higher concentration of salt nuclei shifts the
equilibrium droplet size distribution to the larger values. This shift occurs
because the critical droplet radius, defined as the radius corresponding t@
equilibrium at maximum supersaturation, is Targer when the aerosol contains salt
nuclei. The result is that the probability that the nuclei are wetted is greater at
the coast Tine than in inland areas, allowing more droplets to participate in

aqueous chemical reactions.

S0, Oxidation in Atmospheric Aqueous Droplets

Sulfur dioxide can be oxidized by photochemical reactions in the gas phase and
by catalytic and non-catalytic oxidation in the agueous droplets. In the humid
industrial areas, the rate of sulfate production in the presence of suitable
catalysts may sometimes be higher than photo-oxidation by one or more orders of
magnitude, (%idd?etén et al, 1980). Strong oxidizing agents such as ozone (Penkett
and Garland, 1974); hydregen pé?@xide (Penkett et al, 1976); and metallic ion
catalysts such as manganese (Matteson et al, 1969; Johnstone and Mell, 1960); iron
(Freiberg, 1972), and copper (Cheng et al, 1971) are cited as possible oxidation

pathways in aerosol droplets. Recently, the role of soot particles as catalysts in



302 oxidation reactions has been studied (Brodzinsky et al, 1980), Because of the
high concentration of these soot-laden particles in industrial areas, it is
plausible that they could be responsible for the production of the major part of
sulfate in fogs and clouds and in the formation of acid rain (Chang et al, 1981),

The conditions under which one or all of these oxidation processes are
important depend on the meteorological parameters and on the concentration of
gaseous species in the atmosphere, as well as on the nature and availability of an
oxidizing ayent. Liquid water is needed to initiate the reaction, which can be
acquired hy physical absorption on the surface of an insoluble solid or by
hygroscopic soluble salt nuclei in the aerosnl.

Whether the rate of S0, conversion is controlled hy the rate of diffusion of
gaseous pollutants toward and within the droplet or by the rate of chemical
reactions inside the droplet depends on the size of the droplet, the nature of the
gaseons species, and the catalyst involved. Johnstone and Coughanowr (1958) showed
that for droplets 700 um in diameter at saturated humidity, oxidation of S0,
catalyzed hy ''nS3, is contrnlied hy the rate of 4iffusion in the droplet., For
droplets smaller than 50 pr in diameter, Reilke and firavenhorst (1978) showed that
the rate-detormininyg step in the overall heterngenous SOZ oxidation is the oxidation
of S(IV) to sulfate and not a diffusion process. Fog and cloud droplets are usually
between 5 and 20 um 3 therefore, it seems safe to assume that the rate of reaction
for such droplets in the agueous phase is the rate-determining step. Under these
conditions, the reaction rate depends only on the concentration of the catalyst and
on the dissolved species in the solution,

The rate of reaction is iﬁdeéendeﬂt nf droplet size as long as enough water
exists on the surface of the catalytic nqc?eﬁ to sustain the reaction., Srmall
droplets of pure water evaporate long hefore a measurahle amount of sulfate is

formed, For laryer droplets, evaporation is eventually hindered as the



concentration of dissolved sulfate increases. Steady-state conditions will
eventually be maintained, and the droplet will reach a new equilibrium as the
reaction goes to completion. In the remainder of this paper, we examine such

conditions and assess the importance of several catalytic reactions.

Catalytic Oxidation of SO on Soot Particles

The reaction rate law is shown to he represented hy the following equation

(Chang et al, 1981):

dlS(VI)]  _  cn arn 0069 .
— © kLCXJEOQJ fLs(iv)] (5)
vihere
: : @[S(TV)]Z
fLs(Iv)] = 5
Lo+ glS(IV)] + a [S(IV)]
£Cx] = grams of carbon particles/g
[023 = moles of dissolved oxygen/g
[S(IV)] = total moles of S{IV)/#
6= 1.50 x 10%2 ¢2/mo1e”
g = 3,06 x 106 g/mole

Strictly speaking, catalytic properties of soot particles are different for
various fossil fuels under different combustion conditions., The rate constant used
below represents the average value for aéety%eﬁe'aﬁd ﬁatural gas particles produced
under pich fleme conditions and is qiven as: |

5

k = 1,17 x 10 exp(sE/RT)m01@S§31 2369/9s sec,



wheref

i
8

Temperature in degrees Kelvin, and

Ty
i

11.7 kcal/mole

The rate of sulfate production is linearly proportional to f{S(IV)], which
decreases as the pH decreases at a given S0, concentration. Under atmospheric

conditions (P = 1-100 ppb), the rate is drastically reduced when the pH drops to

SOZ

values helow 3-4, lising equation (5), the rate of conversion, defined as the
fraction of dissolved S0, oxidized, is calculated for different values of pH and is
plotted in Fig, 4. The conversion rate is initially zeroth arder with respect to
S, concentration, hut the order increases rapidly for smaller S0, concentrations
and lower pH values,

lhen the droplet is underqgoing evaporation, the following assumptions are made
for estimating the rate of conversion:

1. The droplets are independent of each other and their surface temperature

romaing constant during evaporation,

2. The establishnent of equilibrium hetween S0, in the yas phase and S(IV) in

the fng droplet is very fasf comnared o the rate of the chenical reaction,

3. The solubilities of S0, and 0, gases follow Menry's Lav,

The rate of evaporation is calculated from equations (1) and (2). The
sunmation is made over all sulfite species (S0,.Hy0, 1SD3™, and SU537) and the
dissolved salts which might be present, 0Dissolved gases and the dissociation

‘products are assumed to be in equilibrium with the gaseous vapors, The ("7 s

obtained from charge balance:

(W5 = fon™ 7 + [ns(f’g} + 20 S(é] + [(Hs0, ) 2[902] (6)



ani the rate of sulfate formation ([HS0,~] + [S0,™1) is given by equation (5), The
chemical equilibrium constants used are listed in Table 3. DNifferential equations
(1) and (5), yiven the set of equilibriun relations in Table 3, are solved
similtaneously to deternine the size and acidity of the droplet at different

times, Figure 5 shows such results for a fog droplet Sum in radius when it
evaporates and undergoes catalytic reactions in the atmosphere at a relative
humidity of 80%4, A carbon concentration of 10 ug/m3 is taken as a typical value for
urban areas, assuming that elemental carbon constitutes 30% of the total weight, An
evaporation coefficient of o = 108A was assured, having bhean peasured experirmentally
for arhient aerosnls hy Toossi et al (1930),

In reviewing Figure 5 it can be seen, under the given assumptions, that the
droplet of pure water evaporates completely in less than one second (Curve a), The
equilibriun radius (.07 um) is too small for any wet reaction to take place, The
carhon nuclei present in such a droplet will possibly dry out, The rate of reaction
viill then follow the dry mechanism, which has a reactién rate slower than that of
the wet rechanism by at least two orders of maynitude. Thus, it appears that
carbon-catalyzed S0 nxidation is not an important mechanisn in reqginns of lower
relative humidity.

In coastal areas concentration of salt nuclei is higher, causing the
equilibrinm radius of an aerosol droplet to be larger, the lower vapor pressure
associated with surfactants and other impurities help to maintain the liquid water
required for the wet reaction. Curve b represents the evaporation of an aerosol
containin913uch impuritiesa then the 39%0301 cnﬂtaihs carhonaceous naterials,
chem%cai reactions alén play an important role, In this case, gaseous pollutants
absorbed in the ae%n§n1s produce sulfite and hisulfite ionic species which are then
oxidized to sulfate, As evaporation proceeds, aerosol is being rapidly concentrated

and the solution effects bhecome more pronounced. FEventually, the vapor pressure at



the-surface falls below that of the surrounding atmosphere. Evaporation is hindered

completely and the aerosol starts to grow. The rate of growth, however, slows down

as pH becomes reduced. Under such conditions as discussed above, pH levels of 2.5

or lower may be achieved in less than an hour, (see Curve ¢, Fig. 5). The lifetimes

of these droplets are limited by their rates of fall and not by evaporation, as is
the case for pure droplets.

This procedure has been repeated for different initial conditions and the
results are summarized in Table 4, Below, are summarized some generalizations which
can be made regarding this table:

i Concentration of salt nuclei and other impurities only affect the
equilibrium radius. Percent conversion is independent of these parameters
when sufficient water for the aqueous reaction is available.

ii. Increasing the concentration of soot particles increases the rate of
conversion initially. However, as the reaction proceeds, pH drops and the
reaction becomes less effective. The result ié only a moderate increase
in the total rate of conversion.

iii, When the NHB concentration iﬁ the atmosphere becomes reduced, the ammonia
concentration in solution lessens. The ammonia acts as a buffer, thereby
decreasing the solution acidity. The effect of NH; concentration can,
therefore, be studied by observing the oxidation rate at different pH
Tevels.

iV, The conversion rate is strongly dependent upon the SDZ partial pressures.
Nevertheless, the total amount of sulfate produced is only slightly
affected by the 50, concentration in the ambient.

Ve Larger aerosols are seen to be less efficient in S0, conversion. This is
due to the fact that larger droplets evaporate at a much slower rate;

causing the concentration of soot particles to remain small throughout the
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evaporation, At the limit, where no evaporation exists, Fig, 4, can he

used to directly evaluate the rate of conversion,

Comparison with (Other "echanisns

The relative importance of sulfate production mechanisms by soot particles with
other mechanisms involving liquid water is investigated by using a box-type model,
Details regarding such investigations are reported elsewhere (Chang et al, 1981),
The calculations are made for concentrations of gaseous and particulate emission
which are usually observed at atnospheric conditions. The resnlts are shown in
Figure 6,

Tt is seen from Fig, 6 that oxidation reactions involving soot particles can
comprise the dominant mechanism in fog and cloud droplets and in regions clnse to
sources and heavily polluted urban areas., It should be noted that under conditions
of strong photochemical activity, liquid-phase oxidation of SO, hy H202 and
condensation of H2§04 are two rechanisms likely to be‘dominant and mist be included

in any sulfate production mechanisms study.

In this paper, we discussed the rate of soluble and insoluble matter in the
stabilization of aerosol droplets. Soluble nuclei, much like sea salt, determine
the equilibrium size of the dropiet in relation to the surrounding atmosphere, If
the nuclei are larye enough to wet the aerosnl, the ahsorption of gases followed hy
chemical reactions in the liquid phase instiyates qgrowth of the particle. DNifferent
reaction pathways on the ﬂxidatidn of S0y in ambient aerosols have been
investiyated, The study has been only a limited one. In order to assess the
prevalent reaction mechanism, other factors, such as primary source input and

neteoroloyical parameters, as vell as removal, transport and mixing parameters, rust
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be included. Also, studies to determine the activity coefficients of different
ionic species present in the droplet under concentrated conditions are crucial

for a better understanding of this phenomenon.
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Table 1
Nomenclature
o Evaporation coefficient
k Thermal conductivity of the medium
v Velocity of the evaporating molecule
o Density
g Surface tension
n Diffusion coefficient
f Pressure lowering factor
L Latent heat of evaporation
m molarity
" Mnlecular weight
r Nroplet radins
R Hniversal gas constant
S Relative humidity, saturation ratio
t Time
T Nroplet temperature

eq Fquitibrium
8 - Lliquid
S Solid

® Mediun



Table 2

Resistances for Different Droplet Sizes at T = 20°C*

r{um) R (gecacmazb Ry (S@CeCﬁaz) R;(sec, cm“g)
@ 21077 o =107 4= 1070
0.1 3.9 10 7x102 7x104 7x10°
] 3.9 10 7x10% 7x10° 7x10°
10 3,9 10 7 7x10? 7x10%
100 3.9 10 wi0°l 70! 7x10°
1000 3.9 10 7x1072 7 7x10°

* The thermal conductivity and diffusion coefficient are approximated by the
erpirical relations:

K(T)

N(T)

13

1]

5,003 x 1077 |

0.226 (

393 ) T )3/2 cal
T + 1207 273 cri,secvk
393 T .5/2 1 ?
T + 120) (273) / o B CN /sec

The latent heat of evaporation is also a function of temperature and can be
approximated hy the equation,

L=-=057T+753,1 (L in cal/g and T in 0K)

hetween temperatgr% range of interest, 253 < 7 < 313, The value of ¢ = 75 dynes/cn

and o, = 1 gm/em™ is assumed for water.



Table 3
Chenical Fquilibrium Constants at 25°C, *

o S T e K, = 1,00k x 1971
2 = ?
H
. a , ,
" ! MU b0 = ¢
?4‘43(9) + lzt)(z,) b " o 5 Ha 57
K + N
- a bt g 14 = 0
HH3§HZ\) z "Hll + OH - 1.774 x 1u
H
v S 4 =
SHZ(U) + uzq(g) 4 S0 @HVD Hs = 1,24
K
s en - + _ =2
S, oH N + S0, + 1 Klg 1.7 x 10
- 25 o, 7= + , s oo =
HSH3 503 + H h?@ = A 24 x 10
" 3s + N 2= _ -7
“.\‘.34 Ho o+ Q“a E(gg = 1,7 x 10

*Concentration in 1ol gel and gas pressure in atm, Values obtained from the

following data sources: *cKay (1971) for Kos His Ko Moy Kyos ¥oos Handhaok nf
. ; . SN ! 3 a* s g Pgqe . 0

Chemistry and Physics (1961) for K .




Tohle 4
Effect of Variation of Selected Pararetroers upon the are nf Conversion

17

S RO o Salt Soat Q*‘-‘ T b A\fter 1 hr
() () wam) (pn) () 2 W 2Cony
3 5 107w hi) ) 4.5 3,27 2,30 w7
TR (TRl A VI E A T} o) 0 an 1,37 2,37 9.
o ! lf)ab " 140 S 0 4% L3 1.60 30
8 b poy=d 1" 1 at! 0 4.5 * - -
8 5 1076 ) 10 ) t} L& 3,77 210 B,
o 5 70 i 100 hi) 3 1.4 330 2 o6 u.g
o 5 1u56 0 10 5 i a4 R 3,20 300 (L0
o8 Y 1n°“ i 10 {1 {) 4.5 1.76 2,79 1.1
.3 H oo b 0 111 S0 5 5.4 3,07 2,37 w.p
oH b 1e=h } 10 hi {1 ho3 3 27 RN 3.7
Rt 5 ooo1eh 0 10 nid hl 6.7 3,27 .3 4.3
O N [T 0 10 ) 0 4,5 31,7 3,020 1.2
A 00 10=6 0 10 500 N 4.4 09 a2 1.

*iroplet evaporates after 9,6 saconds,.



Figure 1.

Figure 2.
Figure 3.
Figure 4,

Figure 5

Figure 6
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The dimensionless lifetime of a droplet covered with a film of
surfactant. td is lifetime at limiting case when evaporation is
diffusion controlled. t, is calculated lifetime when both diffusion and
kinetic effects are considered. This graph shows the range of validity
of the diffusion model.

The effect of relative humidity on the lifetime of a droplet at 20°C,
The lifetime of droplets as a function of temperature (S = ,.8),

Rate of conversion of SOZ to sulfate at various pH levels and SOZ
concentration.

The radius of an evaporating aerosol droplet in which oxidation reaction

C -
(s0, X s0,7) occurs.

273 4
T = 1O@C9 S = 589 PO =5 m 9 PSOZ = 100 ppbg PNH3 = § ppb9
o= 10", and ¢, = 10 wg/m® , mycq = 10713 gr

eoso Pure water droplet o » « (no catalyst, no chemical reaction)

-=== Droplet containing soluble salt nuclei,

Droplet containing soluble salt nuclei and insoluble carbon

catalyst, covered by a film of surfactant with o= 1074

Comparison of the relative importance of various sulfate production
mechanisms involving liquid water based on a box-type calculation. The
following initial conditions were wused in the calculation:

pSO = 0.01 ppm, PCO = 0,000311 atm; PNH = 5 ppb; P03g 0.05 ppm;
2 +3 7 13 8 -l
Puno.. = 8 ppb; [Fe ] mole “; [Mn ] = 1.8 x 107 mole
2
3

soot = 10 ug mgsg and Yiquid water = 0.05 gm ~.

1,2 x 107

1
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SULFATE CONCENTRATION (pg/m”)

2
10 ¢ T T T T T T
d S@@%NHS
- =
E o HNO2 §
0 )
3 03-NHs
Op-NHz
EC? Soot 2 -
O3 -
@ HNO,-NH3 3
o'y g
Fe*3
02 3§
10 :
=
wnt2 ;
355 T T R R T R
0 2 16 20 24

TIME (hours)

ON

PERCENT CONVERSI

24

figure 6



